Abstract. We calculate the flux of "GZK-photons", namely the flux of photons produced by extragalactic nucleons through the resonant photoproduction of pions, the so called GZK effect. This flux depends on the UHECR spectrum on Earth, of the spectrum of nucleons emitted at the sources, which we characterize by its slope and maximum energy, on the distribution of sources and on the intervening cosmological backgrounds, in particular the magnetic field and radio backgrounds. For the first time we calculate the GZK photons produced by nuclei. We calculate the possible range of the GZK photon fraction of the total UHECR flux for the AGASA and the HiRes spectra. We find that for nucleons produced at the sources it could be as large as a few % and as low as 10 −4 above 10 19 eV. For nuclei produced at the sources the maximum photon fraction is a factor of 2 to 3 times smaller above 10 19 eV but the minimum could be much smaller than for nucleons. We also comment on cosmogenic neutrino fluxes.
Introduction
The cosmic rays with energies beyond the Greisen-Zatsepin-Kuzmin (GZK) cutoff [1] at 4 × 10 19 eV present a challenging outstanding puzzle in astroparticle physics and cosmology [2, 3, 4, 5] . Nucleons cannot be significantly deflected by the magnetic fields of our galaxy for energies above the "ankle", i.e. above 10 18.5 eV. This and the absence of a correlation of arrival directions with the galactic plane indicate that, if nucleons are the primary particles of the ultra high energy cosmic rays (UHECR), these nucleons should be of extragalactic origin. However, nucleons as well as photons with energies above 5 × 10
19 eV could not reach Earth from a distance beyond 50 to 100 Mpc [6, 7] and no sources have been so far found within this distance. Nucleons scatter off the cosmic microwave background (CMB) photons with a resonant photoproduction of pions pγ → ∆ * → Nπ, where the pion carries away ∼ 20% of the original nucleon energy. The mean free path for this reaction is only 6 Mpc. Photons with comparable energy pair-produce electrons and positrons on the radio background and the uncertainty in this background translates into uncertainty in the photon energy-attenuation length.
Intervening sheets of large scale intense extra galactic magnetic fields (EGMF), with intensities B ∼ 0.1 − 1 × 10 −6 G, could provide sufficient angular deflection for protons to explain the lack of observed sources in the directions of arrival of UHECR. However, recent realistic simulations of the expected large scale EGMF, show that strong deflections could only occur when particles cross galaxy clusters. Except in the regions close to the Virgo, Perseus and Coma clusters the magnetic fields are not larger than 3×10 −11 G [8] and the deflections expected are not important (however see Ref. [9] ). Whether particles can be emitted with the necessary energies by astrophysical accelerators, such as active galactic nuclei, jets or extended lobes of radio galaxies, or even extended object such as colliding galaxies and clusters of galaxies, is still an open question. The size and possible magnetic and electric fields of these astrophysical sites make it plausible for them to produce UHECR at most up to energies of 10 21 eV. Larger emission energies would require a reconsideration of possible acceleration models or sites.
Heavy nuclei are an interesting possibility for UHECR primaries, since they could be produced at the sources with larger maximum energies (proportional to their charges) and would more easily be deflected by intervening magnetic fields. On the other hand, both AGASA and HiRes data favor a dominance of light hadrons, consistent with being all protons, in the composition of UHECR above 10 19 eV. These data are consistent with models in which all UHECR above 10 18 eV are due to extragalactic protons [10] . A galactic component of the UHECR flux, which could be important up to energies 10 19 eV, should consist of heavy nuclei, given the lack of correlation with the galactic plane of events at this energy (outside the galactic plane galactic protons would be deflected by a maximum of [15] [16] [17] [18] [19] [20] o at this energies [11] ). The GZK cutoff at 4 × 10 19 eV seems not to be present in the data of the AGASA ground array [2] but it appears in the data of the HiRes air fluorescence detector [4, 5] .
This controversy ca be addressed by the Pierre Auger Observatory [12] , a hybrid combination of charged particles detectors and fluorescence telescopes, as it continues to accumulate data.
The GZK process produces pions. From the decay of π ± one obtains neutrinos. These "cosmogenic neutrinos" (sometimes called these days "GZK neutrinos") have been extensively studied, from 1969 [13] onward (see for example [14, 15] and references therein), and constitute one of the main high energy signals expected in neutrino telescopes, such as ICECUBE [16] ANITA [17] and SALSA [18] or space based observatories such as EUSO [19] and OWL [20] . From the decay of π 0 we obtain photons, "GZK photons", each with about 0.1 of the original proton energy, which have been known to be a subdominant component of the UHECR since the work of Wdowczyk et al. in the early 1970's [21] . In 1990 it was suggested that if the extragalactic radio background and magnetic fields are small (B < 3 × 10 −11 G) GZK photons could dominate over protons and explain the super-GZK events [22] . The dependence of the GZK photon flux on extragalactic magnetic fields was later studied in Ref. [23] . The argument of Ref. [22] and its dependence on extragalactic magnetic fields was again discussed [24] in connection with the possible correlation of UHECR arrival directions with BL Lacertae objects [25] . However, to our knowledge, the first complete study of the expected fluxes of GZK photons, including their dependence on the initial proton fluxes, distribution of proton sources and UHECR spectrum, besides intervening backgrounds, was done in Ref. [26] , and completed here with an improved statistical analysis (first used in Ref. [27] ).
With the advent of the Pierre Auger Observatory, we expect to have in the near future the high statistic data that may allow to study a subdominant component of UHECR consisting of photons [28, 29] . Auger has already set bounds on the photon fraction above 10
19 eV [30] and better bounds are expected soon. The GZK photons provide a complementary handle to GZK neutrinos and other signatures to try to determine the spectrum and composition of the UHECR. The flux of GZK photons is necessarily correlated with the flux of cosmogenic neutrinos, although the former is affected by the radio background and EGMF values which do not affect the latter. Auger will hopefully see photons or place a limit on the photon fraction at the level of a few % or below. If complemented by an extended northern array [31] , a sensitivity level of below 0.1% could be reached within a few years of full operation [29] . Here we would like to address the physical implications of such detection or limits.
In this paper we fit the assumed UHECR spectrum above 4 ×10 19 eV solely with primary nucleons and the GZK photons they produce. The GZK photon flux depends on the UHECR spectrum assumed, the slope and maximum energy of the primary nucleon flux, the distribution of sources and the intervening backgrounds [26] . We take a phenomenological approach in choosing the range of the several relevant parameters which determine the GZK photon flux, namely we take for each of them a range of values mentioned in the literature, without attempting to assign them to particular sources or acceleration mechanisms. We also study here for the first time the GZK photon flux produced if nuclei are emitted at the sources. In this case we fit the AGASA or HiRes spectrum above 4 ×10
19 eV with the nuclei and nucleons resulting from the disintegration of the primary nuclei and the GZK photons they produce. To compare them with the ratios produced by pure protons, we present the GZK photon ratios in the simplified case in which either only He, or O or Fe would be produced at the sources.
The ankle in the UHECR spectrum at energies 10 18 eV -10 19 eV can be explained either by e ± production by extragalactic protons or by a change from one component of the UHECR spectrum to another. The latter explanation assumes the existence of a low energy component (LEC) when necessary to fit the assumed UHECR at energies below 10
19 eV. This LEC can be dominated by galactic Fe or by a different population of lower energy extragalactic nucleons. This last possibility can still be consistent with the proton-dominated composition observed by HiRes. Here we do not address the issue of what the LEC is. We only assume that, if it exists, it becomes negligible at energies above 4 ×10
19 eV, the energy above which we fit the data. In addition we impose that the spectrum we predict is never above the measured spectrum at energies below 4 ×10
19 eV. The LEC in any event does not contribute to the flux of GZK photons since it is important at energies under the threshold for photo-pion production.
In order to find the expected range of the GZK photon flux, we fit either the AGASA or the HiRes data above 4 ×10 19 eV either minimizing or maximizing the number of GZK protons produced. We find (see Figs. 6 and 7) that (assuming exclusively protons are emitted at the sources) the GZK photon fraction of the total integrated UHECR flux could reach a few % above 10 19 eV and 10% above 10 20 eV, or be between one (for AGASA) and several (for HiRes) orders of magnitude smaller, under the level that could be detected at Auger South alone. In fact, we find (as in Ref. [27] and Ref. [32] ) that the photon fraction in cosmic rays at energies above 10 19 eV could be as low as O(10 −4 ). Photon fluxes so small could only be detected in future experiments like Auger North plus South [31, 29] , EUSO [19] and OWL [20] . In Fig. 6 a zero minimum distance to the sources is assumed. i.e. a minumum distance much smaller than all relevant interaction lenghts. In Fig. 7 The detection of GZK photons would open the way for UHECR photon astronomy. The detection of a larger photon flux than expected for GZK photons given the particular UHECR spectrum, would imply the emission of photons at the source or new physics. New physics is involved in Top-Down models, produced as an alternative to acceleration models to explain the origin of the highest energy cosmic rays. All Top-Down models predict photon dominance at the highest energies. If photons are not seen, Auger will place interesting bounds on production models.
The plan of the paper is the following. In Section II, we explain how we model the sources and the propagation of particles. In Section III, we calculate the maximum and minimum GZK photon fractions expected either with the AGASA spectrum or with the HiRes spectrum. In Section IV we show that very different cosmogenic neutrino fluxes could be associated with UHECR spectra with either minimum and maximum GZK photon fractions.
Modeling of the sources and particle propagation
We use a numerical code described in Ref. [33] to compute the flux of GZK photons produced by an homogeneous distribution of sources emitting originally only protons or nuclei. This is the same numerical code as in Ref. [26] , with a few modifications.
The code uses the kinematic equation approach and calculates the propagation of nuclei, nucleons, stable leptons and photons using the standard dominant processes, explained for example in Ref. [34] ). For nucleons, it takes into account single and multiple pion production and e ± pair production on the CMB, infrared/optical and radio backgrounds, neutron β-decays and the expansion of the Universe. For nuclei, it takes into account pion production, e ± pair production and photodissociation through scattering with infra-red and CMB photons. For photons, the code includes e ± pair production, γ + γ B → e + e − and double e ± pair production γ + γ B → e + e − e + e − , processes. For electrons and positrons, it takes into account inverse Compton scattering, e ± + γ B → e ± γ, triple pair production, e ± + γ B → e ± e + e − , and synchrotron energy loss on extra galactic magnetic fields (EGMF). All these reactions are discussed in detail for example in the Ph.D. thesis of S. Lee [35] and that of O. Kalashev [33] . The propagation of nucleons and the electron-photon cascades are calculated self-consistently, namely secondary (and higher generation) particles arising in all reactions are propagated alongside the primaries. The hadronic interactions of nucleons are now derived from the well established SOPHIA event generator [36] , more accurate in the multi-pion regime than the old code in Ref. [33] . For the photodisintegration coefficients of nuclei we use the approximation first introduced in Ref. [37] and then revised in Ref. [38] . As a check, we reproduce the energy loss length of iron obtained in Ref. [38] when using the same infrared-optical spectrum used in Ref. [38] . The simulation of the electron-photon cascade development was verified by detailed comparisons of its results with those obtained with an analogous code developed by an independent group [35] . It has already been used in a series of papers dedicated to cosmic rays and astrophysics [39, 40, 41, 15] .
UHE particles lose their energy in interactions with the electro-magnetic background, which consists of CMB, radio, infra-red and optical (IRO) components, as well as EGMF. Protons are sensitive essentially to the CMB only, while for UHE photons and nuclei the radio and IRO components are respectively important, besides the CMB. Notice that the radio background is not yet well known and that our conclusions depend strongly on the background assumed. We include three models for the radio background: the background based on estimates by Clark et al. [42] and the two models of Protheroe and Biermann [43] , both predicting a larger background than the first. For the IRO background component we used the model of Ref. [44] . The infra-red and optical background is not important for the production of GZK photons from primary nucleons at high energies and their absorption. This background is important to transport the energy of secondary photons in the cascade process from the 0.1 -100 TeV energy range to the 0.1-100 GeV energy range observed by EGRET, and the resulting flux in this energy range is not sensitive to details of the IRO background models. The IRO background is also important for the photodisintegration of nuclei, thus affects the photon fluxes predicted by models with sources emitting nuclei.
It is believed that the magnetic fields in clusters can be generated from a primordial "seed" if it has a comoving magnitude B ∼ 10 −12 G [45, 8] . The evolution of the EGMF together with the large scale structure of the Universe has been simulated recently by two groups using independent numerical procedures [9, 8] . Magnetic field strengths significantly larger than 10 −10 G were found only within large clusters of galaxies. In our simulations we vary the magnetic field strength in the range B = 10 −11 − 10 −9 G, assuming an unstructured field along the propagation path.
Notice that if neutrons are produced at the sources, the results at high energies are identical to those obtained with protons. The interactions of neutrons and protons with the intervening backgrounds are identical and when a neutron decays practically all of its energy goes to the final proton (while the electron and neutrino are produced with energies 10 17 eV or lower). The resulting GZK photon flux depends on several astrophysical parameters. These parametrize the initial proton flux, the distribution of sources, the radio background and the EGMF. As it is usual, we take the spectrum of an individual UHECR source to be of the form:
where f provides the flux normalization, α is the spectral index and E max is the maximum energy to which protons can be accelerated at the source. We assume a standard cosmological model with a Hubble constant H = 70 km s −1 Mpc −1 , a dark energy density (in units of the critical density) Ω Λ = 0.7 and a dark matter density Ω m = 0.3. The total source density in this model can be defined by
where m parameterizes the source density evolution, in such a way that m = 0 corresponds to non-evolving sources with constant density per comoving volume, and z min and z max are respectively the redshifts of the closest and most distant sources. We have fixed m = 0 in this paper (except in Fig. 9 ) because the high energy photons come from close by, thus the effect of the evolution of sources is small (we estimate that this may introduce an uncertainty of the order of 10% in the photon fluxes we find). Sources with z > 2 have a negligible contribution to the UHECR flux above 10 18 eV.
We are implicitly assuming that the sources are astrophysical, since these are the only ones which could produce solely protons (or neutrons) and nuclei as UHECR primaries. Astrophysical acceleration mechanisms often result in α > ∼ 2 [46] , however, harder spectra, α < ∼ 1.5 are also possible, see e.g. Ref. [47] . In reality, the spectrum may differ from a power-law, it may even have a peak at high energies [48] . AGN cores could accelerate protons with induced electric fields, similarly to what happens in a linear accelerator, and this mechanism would produce an almost monoenergetic proton flux, with energies as high as 10 20 eV or higher [49] . Here, we consider the power law index to be in the range 1 ≤ α ≤ 2.7. An injected proton spectrum with α ≥ 2.5 does not require an extra contribution to fit the UHECR data, except at very low energies E < 10 18 eV [50] . For α ≤ 2 an extra low energy component (LEC) is required to fit the UHECR data at E < 10
19 eV. The flux of super-GZK protons (and thus the flux of GZK photons too) depends strongly on the power law index α of the initial injected proton flux: it is lower for larger values of α. The dependence of the GZK photon flux on the maximum energy E max is more significant as α decreases. Here we will consider values of E max up to 10 21 eV. Most of the energy in GZK photons cascades down to below the pair production threshold for photons on the CMB and infrared backgrounds. In general, for α < 2 the diffuse extragalactic gamma-ray flux measured by EGRET [51] at GeV energies may impose a constraint on the GZK photon flux at high energies, which we take into account and found not relevant for any of the models we study here.
The value of z min is connected to the density of sources. Quite often in the literature the minimal distance to the sources is assumed to be negligible (i.e. comparable to the interaction length). We also consider non-zero minimun distances of up to 50 Mpc (actually z min = 0.01), as inferred from the small-scale clustering of events seen in the AGASA data [52] . Contrary to AGASA, HiRes does not see a clustering component in its own data [53] . The combined dataset shows that clustering still exists, but it is not as significant as in the data of AGASA alone [54] . Note, that the non-observation of clustering in the HiRes stereo data does not contradict the result of AGASA, because of the small number of events in the sample [55] . Assuming proton primaries and a small EGMF (following Ref. [8] ), it is possible to infer the density of the sources [56, 55] from the clustering component of UHECR. AGASA data alone suggest a source density of 2 × 10 −5 Mpc −3 , which makes plausible the existence of one source within 25 Mpc of us. However, the HiRes negative result on clustering requires a larger density of sources and, as a result, a smaller distance to the nearest one of them. Larger values of the EGMF (as found in Ref. [9] ), and/or some fraction of iron in the UHECR, have the effect of reducing the required number of sources and, consequently, increasing the expected distance to the nearest one.
Expected range of GZK photon fractions
In this section we estimate the maximum and minimum GZK photon flux expected if the UHECR spectrum is that of AGASA [3] or that HiRes [5] . We proceed using the method explained in Ref. [27] .
As shown in Ref. [26] , the largest GZK photon fractions in UHECR happen for small values of α, large values of E max , and small intervening backgrounds. The smallest GZK photon fluxes happen with the opposite choices. To take into account the effect of the intervening backgrounds, here we fit the UHECR data assuming either a maximal intervening background (the largest radio background of Protheroe and Biermann [43] and large EGMF, B = 10 −9 G) or a minimal intervening background (the radio background of Clark et al. [42] and small EGMF, B = 10 −11 G), with many different injected spectra. We assume the injected spectrum in Eq. 1, a uniform distribution of sources with a density as in Eq. 2 with z max = 3 and, to start with, z min = 0 and m = 0. We consider then many different spectra resulting from changing the slope α and the maximum energy E max in Eq. 1 within the ranges 1 ≤ α ≤ 2.9 and 10 20 eV ≤ E max ≤ 1.3 × 10 21 eV in steps α n = 1 + 0.1n, with n = 1 to 19 and
19 eV × 2 ℓ , with ℓ = 0 to 10, where Z is the electric charge of the particle injected (Z = 1 for protons, but later we apply the same procedure to nuclei as well). For each one of the models so obtained we compute the predicted UHECR spectrum by summing up the contributions of protons plus GZK photons arriving to us from all sources.
In order to compare the predicted flux with the data, we take also into account the experimental error in the energy determination as proposed in Ref. [61] . We take a lognormal distribution for the error in the energy reconstructed by the experiment with respect to the true value of energy of the UHECR coming into the atmosphere. To find the expected flux we convolute the spectrum predicted by each model with the lognormal distribution in energy with the width given by the HiRes energy error ∆E/E = 17 % [5] and the AGASA energy error ∆E/E = 25 % [3] (the parameter σ in Eq. (5) of Ref. [61] , the standard deviation of log 10 E, is σ = (∆E/E)/ ln(10)≃ (∆E/E)/2.3). This procedure results in small but not negligible changes in the predicted spectra which are then compared to the observed spectrum. In particular, there are events predicted with energy larger than the maximum energy E max . Somewhat arbitrarily we consider the energy beyond which no event is predicted to be (1 + 10∆E/E)E max . Moreover, in the case of the AGASA spectrum, we take into account that there is a 1.2 factor between the energy of a photon event and the energy measured if the event is reconstructed assuming it is a proton [62, 63] . Thus we divide the energy of the predicted GZK photon energy by 1.2 before comparing it with the observed AGASA spectrum.
With each predicted spectrum we fit the UHECR data from 4 ×10 19 eV up to the last published bin of each spectrum (i.e. the 9 highest energy data bins of AGASA or the 12 highest energy bins of HiRes 1 and 2 combined monocular data) possibly plus one 
x .
extra bin at higher energies. This last additional bin with zero observed events is added only if the maximum energy (1 + 10∆E/E)E max (where E max is the maximum energy assumed for the injected spectrum in Eq. 1) is larger than the maximum energy of the last published bin (i.e. larger than 3.16 ×10 20 eV for AGASA [3] and 3.98 ×10 20 eV for HiRes [5] ). This additional empty bin extends from the last published experimental point of each observed spectrum (which also are empty) to (1 + 10∆E/E)E max . We compute the expected number of events in this last bin using an exposure that we derive from the AGASA or HiRes data above 10 20 eV and assuming the exposure is energy independent (above 10 20 eV). This extra bin and the highest energy empty published bins, take into account the non-observation of events above the highest occupied energy bin in the data of each collaboration, the end-point energy of each spectrum (i.e. at E > 2.3 × 10 20 eV for AGASA [3] and E > 1.6 × 10 20 eV for HiRes [5] ), although their aperture remains constant with increasing energy. To fit the UHECR data with each predicted spectrum we follow a procedure similar to that of Ref. [57] applied to the bins just mentioned. The number of events and exposure data used to produce the latest published HiRes flux figures in Ref. [5] are given in Ref. [58] . For the AGASA spectrum, we reconstruct the measured number of events in each bin from the published data (using the error bars [59] ). In both cases we compare the observed number of events in each bin with the number of events in each bin predicted by each one of the models. We choose the value of the parameter f in Eq. 1, i.e. the amplitude of the injected spectrum, by maximizing the Poisson likelihood function, which is equivalent to minimizing −2 ln λ, (i.e. the negative of the log likelihood ratio) [60] . This procedure amounts to choosing the value of f so that the mean total number of events predicted (i.e. the sum of the average predicted number of events in all fitted bins) is equal to the total number of events observed. We then compute using a Monte Carlo technique the goodness of the fit, or p-value of the distribution, defined as the mean fraction of hypothetical experiments (observed spectra) with the same fixed total number of events which would result in a worse, namely lower, Poisson likelihood than the one obtained (in the maximization procedure that fixed f ). These hypothetical experiments are chosen at random according to the multinomial distribution of the model (with f fixed as described). We have checked that this procedure when applied to bins with large number of events gives the same results as a Pearson's χ 2 fit, both for the value of the normalization parameter f and for the goodness of fit. A higher p value corresponds to a better fit, since more hypothetical experimental results would yield a worse fit than the one we obtained.
We make one additional requirement on the fit that insures that the predicted flux does not exceed the observed flux at energies below 4 ×10 19 eV. We use the published fluxes at energies above 3 ×10
18 eV for AGASA and 1.8 ×10 17 eV for HiRes. For each assumed spectrum (with f fixed as described above) we calculate the χ 2 for the data at low energies only using the data points in which the predicted flux is above the observed flux (i.e. we take as zero the contribution to the χ 2 of each data point for which the predicted flux is below the observed flux). We then require the p-value of the χ 2 so obtained to be larger than 0.05. This constraint eliminates the lowest values of α and E max . The regions eliminated by this requirement are assigned a p-value equal to zero in Figs. 1, 2 and 3 . Fig. 1 shows in a logarithmic scale the color coded p-value of the maximum Poisson likelihood value obtained for each model as function of E max and α for the AGASA (left panel) and HiRes (right panel) spectra. The figures look the same if they are produced with maximum or minimum intervening radio background and EGMF, because the contribution of GZK photons to the predicted spectra is always subdominant. In the case of AGASA we see that the best fits (those with larger p-values) occur at the largest α and E max we consider, and the fits are never very good: the p-value is never larger than 0.2. The best fits to the HiRes data can be better than the best fits to the AGASA data, the p-values can reach 0.7, and lie in a crescent-moon shaped region at more moderate values of α and E max .
The p-values obtained depend on the energy range chosen for the Poisson likelihood fit. In choosing to fit the data at energies 4 ×10 19 eV and above without a low energy component (LEC) we are assuming that any LEC necessary to fit the spectrum at lower energies is negligible in this energy range. The goodness of the fit to the UHECR data depends on the lowest energy of the range we choose to fit, because the number of events in the lower energy bins is large. Had we chosen to fit the UHECR data from 2 ×10
19 eV instead we would have obtained the p-values which we show in Fig. 2 , just for comparison with Fig. 1 . In Fig. 2 the region of best models moved to somewhat lower values of α and E max and their combined largest values (at the top left corner of the figure) are disfavored with respect to Fig. 1 . We believe that a possible LEC may still be important to fit the UHECR data at 2 ×10 19 eV. For example, iron would still be strongly deflected by the galactic magnetic fields up to energies to close to 3 ×10 19 eV. Thus, a galactic iron component may be important up energies just below 4 ×10
19 eV. So far we have kept the minimum distance to the sources fixed to z min = 0. Fig. 3 shows the p-values obtained for z min = 0.01 (a minimum distance of 50 Mpc) through the same procedure for the HiRes spectrum. Fig. 3 shows that the allowed region of models for the HiRes spectrum moves to higher values of E max and α as z min increases. For the AGASA spectrum there are no allowed solutions within the range of E max and α we consider for z min = 0.01 or larger (the figure would look just black everywhere).
We proceed now to find the maximum and minimum GZK photon fractions. First, among all the models with z min = 0, 0.00125, 0.0025, 0.005, and 0.01 (shown in Fig. 1 and Fig. 3 are only those with z min = 0 and 0.01 respectively) we chose those with p-value> 0.05. Then, for these models we compute for a given E max the GZK photon fraction in the predicted integrated flux above a given energy E. Finally, we choose for each value of E max the values of α and z min for which the GZK photon fraction is either maximum and minimum. Figs. 4 and 5 show the maximum and minimum GZK photon fractions so obtained as a function of E max , for z min = 0, and variable z min in the range 0 to 0.01, respectively. We give the GZK photon fraction as a percentage of 19 eV as well as the bound given by the Yakutsk collaboration combining data from Yakutsk and AGASA, above 1 × 10 20 eV [63] . For comparison, we also include in Fig. 4 the range of photon fractions obtained following the same procedure, but assuming that either only He or only O or only Fe are emitted by the sources (even though these are not realistic models for the injected composition) and fitting the UHECR data with the processed products of photo-disociation of the initial nuclei. The spectrum assumed for the nuclei is again as in Eq. 1 where E max is now the maximum energy of the injected nuclei. Here we consider E max between Z × 10 20 eV and Z × 1 × 10 22 eV, where Z is the electric charge 19 eV (left panels) and 1 × 10 20 eV (right panels) for AGASA (upper panels) and HiRes (lower panels) respectively, found among the models with p-value > 0.05 in Figs. 1 and 3 . Here we allowed for variable z min between 0 and 0.01. of each nucleus.
In Figs. 6 and 7 the maximum and minimum GZK photon fractions in the integrated flux above the energy E are shown as function of E for two values of E max , for fixed z min = 0 and for variable z min respectively. The GZK photon fraction is again given as a percentage of the integrated flux. The ranges of photon fraction do not change much with z min , except for the minimum fraction for HiRes. For comparison, we also include in Fig. 6 the results obtained following the same procedure, but assuming that either only He or only Fe are emitted by the sources, as explained above. The photon fractions are given for E max = Z × 10 21 eV both for the AGASA (left) and the HiRes (right) spectrum. Upper bounds by Auger [30] , Yakutsk [64] and AGASA-Yakutsk [63] are also shown. The maximum photon fractions produced by nuclei are not much smaller (within a factor of 2 to 10 smaller) that those of nucleons, but for Fe the minimum photon fractions can be much smaller (below 10 −5 ). As an example of the fits we obtain to the observed spectra, in Fig 8 we show the differential flux of protons, of GZK photons and the total differential flux for two models which provide good fits to the HiRes UHECR spectrum either with maximal (left 20 eV, α = 2 and maximal radio background and B. In the left panel we show explicitly the effect of the intervening background, given the same source spectrum and distribution. The lower photon line in the left panel corresponds to the same source model as the higher photon line, but to intervening radio background and B field that are maximal instead of minimal. We clearly see that the uncertainty in the photon flux due solely to the intervening backgrounds is about one order of magnitude or less in this case. The fit to the HiRes data is the same because photons are in any event subdominant in the flux. 
Cosmogenic neutrinos
The GZK photons and cosmogenic neutrinos are due to the same photo-pion production mechanism: from the decay of π 0 we obtain GZK photons and from the decay of π ± one obtains neutrinos. These "cosmogenic neutrinos" have been extensively studied, from 1969 [13] onwards (see for example [14, 15] and references therein) and constitute one of the main high energy signals expected in neutrino telescopes, such as ICECUBE [16] ANITA [17] and SALSA [18] or space based observatories such as EUSO [19] and OWL [20] .
Thus, GZK photons and cosmogenic neutrinos provide complementary information on the GZK effect. Although they share the same production mechanisn GZK photons and cosmogenic neutrinos are affected very differently by intervening backgrounds. The flux of GZK photons is affected by the radio background and EGMF values which do not affect neutrinos. UHE GZK photons only reach us from less than 100 Mpc away, i.e. a redshift z < 0.02. Cosmogenic neutrinos do not interact during propagation and thus reach us from the whole production volume, which depends on the maximum redshit to the sources z max . Thus the flux of cosmogenic neutrinos arriving to Earth depends strongly on the evolution of the sources, which affect mostly the density of sources far away. The evolution in comoving volume is here parametrized by the power m, so that, excluding the Hubble expansion, the number density of sources is ∼ (1+z) m . In Fig. 9 we show six examples of cosmogenic neutrino fluxes for models which fit the HiRes spectrum with either maximum (left panel) or minimum (right panel) GZK photon fractions of integrated UHECR fluxes above E = 1 × 10 19 eV, produced by protons emitted at the sources. These are the models of Fig. 8 (namely E max = 1.3 × 10 21 eV, α = 1, minimal radio background and B = 10 −11 G for the left panel and E max = 1.6 × 10 20 eV, α = 2, maximal radio background and B = 10 −9 G for the right panel) but assuming three particular source evolution models. The highest neutrino fluxes (thick lines) correspond to the fast star formation rate evolution model of Ref. [65] in which m = 4 from z = 0 to z = 1, then (1 + z) m becomes constant (equal to 2 4 =16) from z = 1 to z max = 6 and then goes sharply to zero for z > 6. The intermediate neutrino fluxes (thinner dashed lines) correspond to an approximation to the evolution of radio galaxies and AGNs [66] , which is somewhat faster than m = 3 below z = 1, peaks at about z = 2 and decreases rapidly in emissivity at z > 3. The approximation we used for the figures has m = 3 from z = 0 to z = 1.8, at which point (1 + z) m becomes constant equal to 2.8 3 = 22 up to z max = 3 where it goes sharply to zero for larger z. The lowest neutrinos fluxes in both panels (thinnest dashed lines) correspond to not evolving sources, i.e. m = 0, and z max = 3. The latter is an approximation to an older star population evolution and is taken here as a lower limit to the value of m at low redshits. Negative values of m have been mentioned in the literature only for very massive clusters, which only formed recently. However, accretion shocks in clusters might accelerate heavy nuclei but not protons to the energies necessary to account for the ultrahigh energy cosmic rays [67] .
The neutrino flux shown is the average flux per flavour, that is the total flux of neutrinos and antineutrinos divided by 3. Also shown in the figure are several upper bounds on cosmogenic neutrinos fluxes by ANITA-Light [68] , AMANDA [69] and RICE [70] and the ANITA [17] projected bound.
Thick, intermediate and thin lines show the photon (solid red) and baryon p+n (dashed double dotted red lines) fluxes for the three source evolutions already mentioned. The baryon flux coincides with the total UHECR predicted, since photon fluxes are always subdominant. Fig. 9 clearly shows that the different source evolution models assumed affect very little (left panel) or not at all (right panel) the GZK photon fluxes but yield different cosmogenic neutrino neutrino fluxes. It is also clear from the figure that the cosmogenic neutrino fluxes are high when GZK photon fluxes are high and vice versa. We have not attempted here to maximize or minimize the cosmogenic neutrino fluxes, just to provide some examples of the expected range of fluxes given a particular GZK photon flux. Moreover, since here we fit the UHECR spectrum only above 4 × 10 19 eV, we predict accurately the neutrino spectrum at energies above 4 × 10 18 . At lower energies higher neutrino fluxes could be predicted if there is an extragalactic component to the UHECR at energies below 4 × 10 19 eV.
Conclusions
The Pierre Auger Observatory has already set bounds on the photon fraction above 10 19 eV [30] and better bounds are expected soon. We expect to have in the near future the high statistic data that may allow to study a subdominant component of UHECR consisting of photons. Auger will hopefully see photons or place a limit on the photon fraction at the level of a few % or below [29] . If complemented by an extended northern array, a sensitivity level of below 0.1% could be reached within a few years of full operation [29] . In this paper we address the physical implications of such detection or limits.
Here we calculate the flux of "GZK-photons", namely the flux of photons produced by extragalactic nucleons through the resonant photoproduction of pions, the GZK effect. This flux depends on the UHECR spectrum on Earth, of the spectrum of nucleons emitted at the sources, which we characterize by its slope and maximum energy, on the distribution of sources and on the intervening cosmological backgrounds, in particular the magnetic field and radio backgrounds. We compute the possible range of the GZK photon fraction of the total UHECR flux for the AGASA and the HiRes spectra. We fit the UHECR data above 4 ×10 19 eV either minimizing or maximizing the number of GZK protons produced. We find (see Figs. 6 and 7) that assuming exclusively nucleons are emitted at the sources the GZK photon fraction of the total integrated UHECR flux could reach a few % above 10
19 eV and 10% above 10 20 eV, or be between one (for AGASA) and several (for HiRes) orders of magnitude smaller, under the level that could be detected at Auger South. The maximum photon fractions do not depend much from the minimum distance to the sources.
We find (as in Ref. [27] ) that the photon fraction in cosmic rays at energies above 10 19 eV could be as low as 10 −4 (Ref. [32] finds comparable small fractions). Photon fluxes so small could only be detected in future experiments like Auger North [31] plus South [29] , EUSO [19] and OWL [20] .
Just for comparison in Fig. 6 we also show the range of GZK-photon fractions expected if purely He or purely Fe nuclei were emitted at the sources, and in both cases the maximum GZK photon fractions expected are smaller by a factor between 2 and 10. For nuclei produced at the sources the maximum photon fraction is a factor of 2 to 3 times smaller above 10
19 eV but the minimum could be much smaller than for nucleons.
The detection of UHECR photons would open a new window for ultra-high energy astronomy and help establish the UHECR sources. The detection of a larger photon flux than expected for GZK photons given the particular UHECR spectrum, would imply the emission of photons at the source or new physics, such as Top-Down models. If photons are not seeing, Auger will place interesting bounds on GZK photon production models.
Finally we also briefly comment on cosmogenic neutrino fluxes, which provide complementary information on the GZK effect. Although they share the same production mechanisn, GZK photons are affected by the radio background and EGMF which do not affect neutrinos and, contrary to photons, cosmogenic neutrinos depend strongly on the evolution of sources. In any event, as shown in Fig. 9 , cosmogenic neutrino fluxes are high when GZK photon fluxes are high and vice versa.
